The frequency of hybridization through pollen flow from the cultivated soybean to the wild soybean was evaluated for the purpose of assessment of the ecological risk of genetically modified crops. The flowering habits of three soybean cultivars and one wild soybean accession were monitored on an experimental farm. A cultivar and a wild accession, both of which flowered at a similar period, were then planted alternately in 5 ¥ 12 arrays with 50 cm spacing on the farm. The seedlings of progeny seeds gathered from individual plants of the wild accession were used for an isozyme analysis to identify whether they were hybrid or not. In 23 plants of the wild accession, four plants produced hybrids (the incidence of hybridization = 17.4%). There was no directionality in hybridization. The hybridization rate per maternal plant varied from 0 to 5.89% with a mean of 0.73% for all maternal plants.The results indicate that natural hybrids are easily produced in a certain frequency by pollen flow from the cultivated soybean to the wild soybean under their simultaneous flowering with adequate pollinators.
INTRODUCTION
The diffusion of herbicide-resistant genes has become a serious problem in the natural environment with the development of herbicide-resistant crops (Raybould & Gray 1993; Hancock et al. 1996; Morishima 2000) . In many genetically modified (GM) crops of which a gene is inserted into the nucleus genome such as herbicideresistant soybean cultivars (Padgette et al. 1996) , the GM gene can spread to wild relatives through movement of pollen grains (Raybould & Gray 1993; Hancock et al. 1996; Keeler et al. 1996) . Pollen flow from the cultivated soybean [Glycine max (L.) Merr. ssp. max] to the wild soybean [G. max (L.) Merr. ssp. soja (Sieb. et Zucc.) Ohashi] is not studied or discussed in risk assessment as a natural hazard because there is no natural population of the wild soybean near cultivated soybean fields in the United States of America (Padgette et al. 1996) . In contrast, the wild soybean is native to cool-and warmtemperate East Asia (Abe et al. 2000; Umemoto & Yamaguchi 2000) .
The cultivated soybean, a predominantly self-pollinating species, usually shows an outcrossing rate of less than 1% (Garber & Odland 1926; Chiang & Kiang 1987) ; however, the rate exceeds 2.5% in particular cultivars under favorable conditions (Ahrent & Caviness 1994; Cutler 1934) . The wild soybean is also a self-fertile and predominantly self-pollinating subspecies; however, it shows a wide range in the outcrossing rate from 2.4 to 3.0% (Kiang et al. 1992) , and in particular cases from 9 to 19% (Fujita et al. 1997) .
The cultivated and wild soybeans have no crossing barrier and produce highly fertile F 1 hybrids by artificial crossing (Sekizuka & Yoshiyama 1960; Kwon et al. 1972; Oka 1983) . There have been 'circumstantial evi-RESEARCH PAPER Natural hybridization in wild soybean (Glycine max ssp. soja) by pollen flow from cultivated soybean (Glycine max ssp. max) in a designed population dences' of natural hybridization between the cultivated and wild soybeans: the weedy or semiwild form, which was referred to as Glycine gracilis Skvortz., is occasionally found in East Asia (Skvortzow 1927; Sekizuka & Yoshiyama 1960; Kwon et al. 1972; Broich & Palmer 1980) ; introgression between the cultivated and wild soybeans in Japan was reported (Abe et al. 1999) ; some soybean cultivars have been bred by spontaneous hybridization from the wild soybean to the cultivated soybean in Japan and Russia (Mitsui 1967; Abe et al. 2000) . However, the frequency of the natural hybridization through pollen flow from the cultivated soybean to the wild soybean has not been measured quantitatively.
An evaluation of a GM soybean cultivar, a glyphosatetolerant one, suggested no hybrid production in the progeny of the wild soybean grown with the cultivar in an isolated experimental field (Manabe et al. 1996) ; however, the flowering time and pollinators of the soybeans were not mentioned in the report. For the risk assessment of GM crops, it is important not to discuss whether gene flow between GM crops and the wild relatives will occur, but to clarify how frequently and under what conditions the gene flow occurs.
This paper aims to estimate 'directly' the amount of pollen-mediated gene flow from the cultivated soybean to the wild soybean under the favorable conditions. First, the overlap of the flowering time between the cultivated and wild soybeans was examined because the amount of pollen flow is affected by the overlap of flowering between crops and their wild relatives (Woodworth 1922; Lefol et al. 1996) . Second, the frequency of the natural hybridization from the cultivated soybean to the wild soybean was measured in an experimental plot using a cultivar and a wild accession of soybeans, both of which flower at a similar period. The possibility of natural hybridization from cultivated fields to natural populations of soybeans was then discussed.
MATERIALS AND METHODS

Flowering time
On an experimental farm in the Osaka Prefecture University, we monitored the flowering habits of three soybean cultivars, 'Okuhara-wase', 'Tsurunoko-daizu' and 'Tambaguro', which are local in Kyoto City, Japan, and of one wild soybean accession, Gls/93-J-01, from Kyoto Prefecture, Japan. Seeds of the cultivars were sown on 9 May 1998 ('Okuhara-wase') and on 5 and 18 June 1998 ('Tsurunoko-daizu' and 'Tambaguro') 
Natural hybridization by pollen flow from cultivated to wild soybeans
To evaluate the frequency of the natural hybridization in the wild soybean by pollen flow from the cultivated soybean, 'Tambaguro', as paternal plants and Gls/93-J-01 accession as maternal plants were used. The seeds of the cultivar were sown on 18 June 1998, and the abraded seeds of the wild accession were sown on 29 May 1998. Germinated seeds were individually placed in 18 cm unglazed pots with sandy loam 5 days after sowing, and plants were grown on the experimental farm. A set of stays with rings for twining of vines was put on each pot of the wild accession. On 18 July 1998, 30 plants of the 'Tambaguro' and 30 plants of the Gls/93-J-01 accession were arranged alternately in 5 ¥ 12 grids with 50 cm spacing on the experimental farm (see Fig. 3 ).There was no natural population of the wild soybean around the farm. In early November, mature seeds were gathered from individual plants of the wild accession and prepared for progeny tests to detect hybrids.
In order to determine the genotypes of the parental plants and to choose a suitable genetic marker, mature leaf samples from parental plants of the 'Tambaguro' and the Gls/93-J-01 accession were used for an isozyme analysis in early June 1998. Leaves of the progeny seedlings obtained from the maternal Gls/93-J-01 plants were analyzed for isozyme features to identify whether they were hybrid. An enzyme extraction and gel staining procedure was adapted from Griffin and Palmer (1987) . Polyacrylamide-gel preparation and electrophoresis were performed following the protocol of Shields et al. (1983) . Genetic interpretation of isozyme phenotypes (banding patterns) was performed according to Candy and Beversdorf (1984) , Griffin and Palmer (1987) and Abe et al. (1992) .
The frequency of hybridization from the cultivar to the wild accession was evaluated by incidence and rate of hybridization. Incidence was defined as the fraction of plants of the wild accession having at least one hybrid progeny. The rate was defined as the fraction of hybrid progeny among the total progeny sampled from each plant (Klinger et al. 1991) .
RESULTS AND DISCUSSION
Flowering period of the cultivated and wild soybeans
The 'Okuhara-wase' plants sown on 9 May simultaneously started flowering on 6 June and continued flowering until 19 June (Fig. 1) The flowering period of the 'Tambaguro' and Gls/93-J-01 accession overlapped for a few weeks; however, the 'Okuhara-wase', 'Tsurunoko-daizu' and the wild accession showed no or only a few days of overlap in the flowering time (Fig. 1) . Therefore, the 'Tambaguro' and Gls/93-J-01 accession were assumed to be suitable for evaluating the frequency of the natural hybridization in the wild soybean by pollen flow from the cultivated soybean.
Frequency of natural hybridization in wild soybean by pollen flow from cultivated soybean
The ' Tambaguro the same alleles between the cultivar and the wild accession. As monogenic and codominant inheritance was known in the alleles for the Enp locus (Griffin & Palmer 1987) , the hybrid between the cultivar and the wild accession was identified as a heterozygote for aballeles at the locus (Fig. 2) .
Four maternal plants of the wild accession segregated hybrid offspring. The four maternal plants appeared to be randomly located in the experimental plot, indicating no directionality in hybridization (Fig. 3) . The incidence of hybridization from the cultivar to the wild accession (17.4%) was in the range from 3 to 33%, which was found in predominantly self-pollinating and wind-pollinated sorghum cultivar and wild sorghum (Arriola & Ellstrand 1996) .This incidence was lower than the incidences found in mixed mating and insect-pollinated tobacco cultivars (ranged from 48 to 96%; Paul et al. 1995) , and those found in outcrossing and insect-pollinated radish cultivar and weedy radish (reached at 100%; Klinger et al. 1992) . This indicates that a reasonable outcrossing syndrome was found in predominantly self-pollinating and insect-pollinated soybean cultivar and wild soybean.
Five hybrids were detected from 686 progeny, and the mean rate of hybridization was 0.73%, which was similar to the outcrossing rates of less than 1% obtained for cultivated soybeans in the studies by Chiang and Kiang (1987) , and Garber and Odland (1926) .The variance of the outcrossing rates is important information on the risk evaluation of gene flow from GM crops to the wild relatives as well as the mean rate. The hybridization rate per maternal plant was variable (Fig. 3) , 2.33% (one hybrid of 43 progeny), 4.76% (two of 42), 5.26% (one of 19) and 5.89% (one of 17). The rates per maternal plant indicate that higher outcrossing that surpasses the prediction from the self-pollinating nature of soybeans would occur depending on ecological conditions.
The cultivated and wild soybeans are entomophilous (Erickson 1984; Fujita et al. 1997) . In the experimental plot, the leaf-cutter bee (Megachile turugensis Cockerell) frequently visited the wild soybean, cut the leaves and carried the pieces into her underground nest beside the plot in late June. From middle to late July, a certain kind of halictid bee (Halictus sp.) visited the 'Tsurunokodaizu' flowers of those plants which were placed approximately 10 m apart from the experimental plot. In the 'Tambaguro' and Gls/93-J-01 flowers, only a certain kind of thrip (a species of Thripidae) was frequently observed during their flowering season. In contrast, there are more pollinators and visitors to the wild soybean flowers in natural sites of rural environments (Fujita et al. 1997; Y. Nakayama & H. Yamaguchi unpublished data, 1998) . Although there was no natural population of wild soybean around the farm, and the fauna of insects visiting the cultivated and wild soybeans seemed to be poor, natural hybridization from the cultivated soybean to the wild soybean occurred. Pollen-feeding thrips, although they are pests to crops, also cause outcrossing in predominantly self-pollinating species (Miyazaki & Kudo 1988; Namai 1989) . They have been used for mediating pollen in a breeding program through spontaneous hybridization from the wild soybean to the cultivated soybean in Russia (Abe et al. 2000) . Halictid bees are considered to be pollinators of soybeans as well as honeybees and bumblebees (Namai 1989) . In addition, leaf-cutter bees are effective pollinators of leguminous crops such as alfalfa and clover (Namai 1989; St. Amand et al. 2000) . The thrips, the halictid bee or the leaf-cutter bee, thus might mediate pollen during the hybridization from 'Tambaguro' to Gls/93-J-01 accession.
Possibility of natural hybridization from cultivated fields to natural populations of soybean
An evaluation report of a glyphosate-tolerant GM soybean cultivar asserted the environmental safety of the cultivar on the grounds that no hybrid was obtained from the progeny of the wild soybean grown with the cultivar in an isolated experimental field under uncertain flowering behavior and pollination ecology of the soybeans (Manabe et al. 1996) . Our results, however, indicate that natural hybrids are easily produced in a certain frequency by pollen flow from the cultivated soybean to the wild soybean under sympatric occurrence of the cultivated and wild soybeans, their simultaneous flowering, and under the presence of adequate pollinators.
There are many natural populations of the wild soybean around large-scale cultivated soybean fields in Japan, with the exception of Hokkaido. In general, the size of the area planted with crops, or the pollen 'load' affects the dynamics of pollen flow into natural populations, and the outcrossing frequency for large-scale cultivated fields was much greater than that of small-scale experimental plots (St. Amand et al. 2000) . The wild soybean usually flowers later than the cultivated soybean; however, their flowering times fluctuate with their genotypes (Sekizuka & Yoshiyama 1960; Fukui & Kaizuma 1971) and with the timing of seedling emergence (Fig. 1) . The flowering period of the cultivated and wild soybeans may overlap especially in the southwestern part of Japan where late-flowering soybean cultivars are usually planted (Saito 1981) .This tendency has been clearly observed in the examination of the specimens of cultivated and wild soybeans deposited in the herbarium of Kyoto University to estimate the flowering time of cultivated and wild soybeans in Japan (Y. Nakayama & H. Yamaguchi, unpublished data, 1999) . Many insect species such as pollinators usually visit natural populations and cultivated fields of soybeans in many countries (Beard & Knowles 1971; Erickson 1984; Fujita et al. 1997) . The outcrossing rate of both the cultivated and wild soybeans can be increased under the condition where pollinators are frequently visiting flowers (Beard & Knowles 1971; Fujita et al. 1997) . Under these particular environments, natural hybridization through pollen flow from cultivated fields to natural populations of soybeans may occur more frequently.
Although it is unknown how to establish and regenerate the hybrids between the cultivated and wild soybeans under natural habitats, artificial hybrid derivatives with various life history traits can regenerate their offspring under seminatural sites (Oka 1983) . When herbicide-resistant soybean cultivars are released and cultivated in East Asia, including Japan, the gene flow from the cultivars to the wild soybean may cause ecological risks, as was pointed out in rice (Langevin et al. 1990; Suh et al. 1997; Akimoto et al. 1999; Morishima 2000) : introgression will occur from cultivated to wild soybeans, and consequently a few alleles on particular loci of the wild soybean will be gradually replaced by cultivar alleles (genetic erosion of wild populations); in some cases a genotype similar to weedy soybean will evolve as was suggested by Oka (1983) (evolution of weedy type). Thus, much more information regarding the ecological and genetic relationship between the cultivated and wild soybeans, as well as other crop-weed and crop-wild complexes, is needed in order to make monitoring-systems for diffusion of the transgene.
